ABSTRACT GERHARDT, PHILII"P (The University of Michigan, Ann Arbor), AND JEAN A. JUDGE. Porosity of isolated cell walls of a yeast and a bacillus. J. Bacteriol. 87:945-951. 1964.-D)ecagram masses of cell walls were isolated from Saccharomyces cerevisiae and Bacilluis ate gateriunt; their porosity was examined by measuring the extent of uptake with polyethylene glycols and dextrans varying in molecular weight from 62 to 2,000,000. The results indicated that both walls are heteroporous. The near equality of extrapolated water-uptake values and determined moisture contents suggested that water in the cell walls is mainly free for distribution of solutes. Polymers with molecular weights of 4,500 and above were excluded by the yeast walls, and those with molecular weights of 57,000 were excluded by the bacillus walls; from these results, maximal openings of 36 and 107 A, respectively, were calculated. Electron micrographs of shadowed, stained, and sectioned walls revealed fine structure not inconsistent with heteroporosity, but the predicted openings were not seen. Altogether, in structure and permeability behavior, the cell walls were like a random meshwork of cross-linked macromolecular strands.
The penetration of large molecules into the cell walls of bacteria is exlplained most simply by diffusion or water flow through )ores or interstices between macromolecular coml)onents of the wall fine-structure, which may occur as an orderly lattice or an irregular meshwork (Salton, 1960) .
In problems of enzyme and toxin excretion, the formation of capsules, and the penetration or exclusion of biologically active materials such as nucleic acids, enzvmes, antibodies, and antibiotics, more knowledge is needed about wall permeability to polymers.
The tyle of porosity and the exclusion threshold of cell walls can be assessed by determining the extent of uptake of a series of nontoxic and nonreactive polymers extending over a wide range of molecular weights. This method was uise(l to study spore permeability (Gerhardt and Black, 1961 ), but was not successfully applied to intact vegetative cells because they releasedl intracellular materials that interfered with the analyses for polyethylene glycols and dextrans, which were the best test substances. Instead, masses of isolated cell walls were used, even though their permeability might be altered in the process of isolation.
Saccharomyces cerevisiae and Bacillus megaterium were chosen for study because they are tylical gram-positive cells and vere considered to have a heteroporous cell wall. After permeability measurements were performed, the isolated walls were examined directly by electron microscopy with shadowing, sectioning, and phosphotungstate-staining techniques. The cells were ruptured by lpassing a heavy suspension (500 mg of cells per ml) through a refrigerated pressure unit (Ribi et al., 1959) operated at 17,000 psi for the yeast and 30,000 psi for the bacterium. Fragments of cell walls were separated and washed repeatedly in water by differential centrifugation until reasonably free from extraneous material, as judged by phase and electron microscop)y.
Electron microscopy. For sturface examination, the cell walls were exaiaminedl on carbon-or beryllium-coated collodion films after shadlowing with lpalladium-l)latinum alloy or negative staining in 2%ac )hosl)hotungstic acid at 1)H 7.0 with 0.002%, sucrose (MIurray, 1963 (1962) . About 3 g of packed material were used for each determination, and corrections for interstitial water were made in the l)acks centrifuged as described below. For determinations of water content, the preparations were oven-dried at 102 C to constant weight.
Uptake measurements. The extent of uptake of exogenous solutes was assessed by the space technique (Black and Gerhardt, 1961) , which depends on the dilution of a known volume (3 ml) and concentration (3%) of solute after mixing and equilibration for 120 min with a known mass (about 3 g) of packed cell walls. The preparations were centrifuged at 34,000 X g until in the plateau region of a packing curve: 180 min for the bacillus and 300 min for the yeast walls. Determinations were made at least in duplicate. Initial and final concentrations of the test solute usually were assayed gravimetrically, but confirming measurements were made by the anthrone reaction for carbohydrates (Seifter et al., 1950) , periodic acid oxidation for ethylene glycol (Shaffer, Critchfield, and Nair, 1950) , and precision refractometry.
The uptake measurement resulted in a space value, RW, which was calculated on a weight basis and was corrected in each experiment for interstitial space (Si,), as determined with dextran (molecular weight, 500,000). The Rw value is a dimensionless ratio of the amount of solute taken up by the isolated walls per unit of wall weight to the amount of solute left in the suspending fluid per unit volume of fluid.
All of the glycols and dextrans, with molecular weight determinations, were obtained from commercial sources (Gerhardt and Black, 1961) .
RESULTS AND DISCUSSION
The isolation of about 40 g of cell walls from each organism enabled accurate determination of the water content and density of the walls in a reproducibly hydrated condition. The results are shown in Table 1 , together with the interstitial space values and determinations made concurrently with intact bacilli. The water content of bacillus walls was high, a result consistent with their poor packing characteristics (Sin = 45%) and relatively open porosity (see below). This result can be compared with a water content of 66.5% in intact cells and 89.3% in isolated cell walls of Micrococcus lysodeikticus (Britt and Gerhardt, 1958) .
Permeability determinations on the cell walls were made with a series of ethylene glycols and dextrans varying in molecular weight from 62 to 2,000,000 (Fig. 1) . Although the plotted molecular weight values are averages, the heterogeneity extended over so narrow a range that the results were not believed to be much affected by this factor. The polymers are all water-soluble and nonelectrolytic. Thev are essentially linear poly-946 CELL WVALL POROSITY mers but coil in solution, with dextrans knowin an(l l)olyglycols assumed to behave as hydrodynamic sl)heres (Grotte, 1956) .
Poly mer uptake by the cell walls of both organisms decreased logarithmically with increasing molecular weight of the l)olymers (Fig. 1) Figures 3A and 3B show the shadowed appearance of cell walls from B. mttegaterium. The fragments had irregular edges. The outer surface appeared smoothly granular, but with gross transverse wrinkles. The inner surface was barely distinguishable from the outer surface (Fig. 3B ).
W1-hen negative-stained with phosphotungstate, the surface al)peared convoluted and pitted (Fig. 3C) , especially on what is believed to be the outer surface (Fig. 3D) . Medial sections of cell wall ( Fig. 3E and 3F (Salton, 1960 Nickerson (1963) and Phaff (1963 
